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Abstract.
Fe K-edge and Se K-edge x-ray absorption near edge structure (XANES)
measurements are used to study FeSe1−xTex electronic structure of chalcogenides. An
intense Fe K-edge pre-edge peak due to Fe 1s→3d (and admixed Se/Te p states) is
observed, showing substantial change with the Te substitution and X-ray polarization.
The main white line peak in the Se K-edge XANES due to Se 1s→ 4p transition appear
similar to the one expected for Se2− systems and changes with the Te substitution.
Polarization dependence reveals that unoccupied Se orbitals near the Fermi level have
predominant px,y character. The results provide key information on the hybridization
of Fe 3d and chalcogen p states in the Fe-based chalcogenide superconductors.
PACS numbers: 74.70.Xa;61.05.cj;74.81-g
21. Introduction
Observation of superconductivity in the FeSe1−xTex chalcogenides with interplaying
superconductivity and magnetism [1, 2, 3, 4, 5] is of high interest due to apparent
simplicity of these materials in comparison to the Fe-based pnictides [6, 7]. Indeed, the
structure of FeSe1−xTex contains a simple stacking of edge sharing Fe(Se,Te)4 tetrahedra
[1, 2, 3] without any sandwiching spacer [8]. The superconductivity is very sensitive to
defects and disorder [9], with the Tc in the ternary FeSe1−xTex system increasing up
to a maximum of 14 K [2, 3, 10]. However, the missing spacer layer in the FeSe1−xTex
might be a cause of locally broken symmetry in the ternary system [11, 12, 13, 14] with
the Se and Te occupying distinct sites. Although, the electronic states near the Fermi
level in the FeSe1−xTex chalcogenides are given by the five Fe 3d-orbitals, it is also true
that the fundamental transport properties are very sensitive to the chalcogen (Se/Te)
height from the Fe-Fe sublattice [15, 16, 17], indicating importance of interaction of Fe
3d states with the chalcogen orbitals. Therefore, it is of key importance to study details
on the electronic structure of the Fe 3d and the interacting chalcogen orbitals.
X-ray absorption near-edge structure (XANES) spectroscopy is a site specific probe
of distribution of the valence electrons and local chemistry, with the final states in
the continuum being due to multiple scattering resonances of the photoelectron in
a finite cluster [18]. Unlike photoemission experiments, there are negligible surface
effects (and multiplet effects), making it a very useful finger print probe of unoccupied
valence states and site selective local chemistry. The XANES spectroscopy has been
already used to study the electronic structure and the local geometry in the Fe-based
REFeAsO (RE=rare earth) oxypnictides [19, 20, 21, 22, 23, 24, 25, 26] and AFe2As2
(A=Ba,Sr,Ca) pnictides [26, 27]. Indeed, important information on the electronic
correlations [21, 22, 26] as well on the local geometry [19, 20, 23] has been obtained.
However, there is hardly any systematic XANES study on the Fe-based chalcogenides.
Here, we have used XANES spectroscopy to study electronic structure of unoccupied
states in FeSe1−xTex system. A combined analysis of Fe and Se K-edge XANES has
permitted to uncover important features of the unoccupied states near the Fermi level.
We find a substantial hybridization between the Fe 3d and chalcogen p states, getting
redistributed systematically with the Te substitution. Furthermore, using polarized
XANES on single crystal sample, we have found that chalcogen pxy orbitals should
be predominantly interacting with the Fe 3d orbitals in the chalcogenides. The
results underline importance of the p − d hybridization in the Fe-based chalcogenide
superconductors.
2. Experimental Details
Unpolarized and polarized X-ray absorption measurements were made at the beamline
BM29 of the European synchrotron radiation facility (ESRF), Grenoble, on the
FeSe1−xTex samples characterized for their superconducting and structural properties
3[28, 29]. Unpolarized spectra were measured on powder samples [28] of FeSe1−xTex
(x=0.0, 0.5, 1.0) to explore the composition dependence, while single crystal sample of
FeSe0.25Te0.75 [29] was selected to study polarization dependence of the XANES features.
The synchrotron radiation emitted by a bending magnet source at the 6 GeV ESRF
storage ring was monochromatized by a double crystal Si(311) monochromator and
sagittally focused on the samples, mounted in a continuous flow He cryostat. For the
polarized measurements on the FeSe0.25Te0.75 single crystal sample, normal incidence
geometry with linearly polarized light falling parallel to the ab-plane and grazing
incidence geometry with linearly polarized polarized light falling nearly perpendicular to
the ab-plane were used. The Se K-edge absorption spectra were recorded by detecting
the Se Kα fluorescence photons, while Fe Kα fluorescence photons were collected
over a large solid angle using multi-element Ge-detector for measuring the Fe K-edge
absorption. For the unpolarized spectra on the powder samples we used simultaneous
detection of the fluorescence signal and the transmission yield. The sample temperature
was controlled and monitored within an accuracy of ±1 K. As a routine experimental
approach, several absorption scans were collected to ensure the reproducibility of the
absorption spectra, in addition to the high signal to noise ratio. After subtracting linear
pre-edge background, the XANES spectra were normalized to the energy dependent
atomic absorption, estimated by a linear fit to the extended x-ray absorption fine
structure (EXAFS) region away from the absorption edge.
3. Results and Discussion
3.1. Fe K-edge XANES
Figure 1 shows normalized Fe K-edge XANES spectra of FeSe1−xTex (x=0.0, 0.5, 1.0)
measured at T = 30 K. The spectra are close to the one for a reference of Fe2+ standard
[23, 25], consistent with the Fe2+ state. The general features of the Fe K-edge are similar
to those reported for the Fe-based pnictides [23, 24, 25]. The near edge features are
marked with A, B, C, D and E. The K- edge absorption process is mainly governed by the
1s→ǫp dipole transition and hence continuum states with ǫp symmetries (and admixed
states) can be reached in the final state. In addition to the dipole transition, a direct
quadrupole transition in the unoccupied 3d states is seen as pre-peak A, mixed with the
dipole contribution (mixing with the 4p states due to local distortions). Therefore, apart
from the density of the unoccupied electronic states, a changing pre-edge intensity can
be an indicator of a changing local geometry or distortion around the Fe atom. Here, the
pre-peak A (∼7111 eV) is due to the 1s→3d quadrupole transition, with some dipole
contribution due to the admixed p states. The feature B (shoulder structure of the
main absorption jump at ∼7117 eV) appears due to the 1s→4p transition. The peak
like structure C (∼7120 eV) should be driven by the 1s→4p states admixed with the d
states of the chalcogen atoms. A significant change in the pre-peak A intensity can be
seen as a function of Te substitution with the one for the FeSe appearing more intense
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Figure 1. Fe K-edge XANES spectra of FeSe1−xTex (x=0, 0.5, 1) measured at 30 K.
The inset shows a zoom over the near edge features A.
(see e.g., the inset showing a zoom over the peak A). Similarly, the feature C looks
more intense for the FeSe sample due to larger mixing of Fe 4p/chalcogen d states. The
features at higher energies are mainly due to the photoelectron multiple scattering with
the nearest neighbours.
For a further clarification on the Fe K-edge spectral features, we have studied
polarization dependence of the XANES measured on a single crystal of representative
FeSe0.25Te0.75 sample. Fig. 2. shows the Fe K-edge XANES spectra with varying
polarization. A significant polarization dependence of Fe K-edge features can be
seen. In particular, the pre-peak shows a significant increase from parallel to the
almost perpendicular polarization (E‖75 degree). This indicates increased density of
unoccupied Fe 3d states admixed with the p states originated from the chalcogen atoms.
The polarization dependence appears similar to the one found for the oxypnictides
[25]. The results also appear consistent with the local-density approximation (LDA)
calculations for these materials [15]. Similarly, the peak C gets more intense for the
perpendicular geometry, mainly due to higher density of states for Fe 4p/chalcogen d
hybrid bands along the c-axis. On the other hand, the peak B appears hardly affected
with the polarization. The polarization dependence can be understood also in terms
of different local geometry of the system in the the two directions. Indeed, with E‖ab
plane, the Fe-Fe planar orbitals are available for the transition while with E‖c, the
mixing of the chalcogen p (peak A) and chalcogen d (peak C) is expected to be more
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Figure 2. Polarized Fe K-edge XANES spectra of FeSe0.25Te0.75 measured at 30
K. The 0◦ correspond to the E‖ab while the 75◦ represent almost E‖c case. Strong
polarization effect is evident on the pre-peak A and the peak C.
prominent.
Coming back to the substitution effect (Fig. 1), a clear energy shift can be seen
for the features B and the peak C. Indeed, the peak C is shifted by almost 0.8 eV
lower energy for the FeTe with respect to the FeSe. Since this peak is derived by the
Fe-chalcogen orbitals mixing, any change in the Fe-chalcogen bond length is expected
to influence the peak position, related by the ∆E∝1/d2 relation for a XANES resonance
[30]. The Fe-chalcogen bondlength in the FeTe is ≈ 2.6 A˚, larger than the Fe-chalcogen
bondlength in the FeSe (≈ 2.4 A˚). A gradual and substantial decrease of the pre-peak
(Fig. 1) derived by 1s→3d quadrupole transition and a dipole transition due to admixed
chalcogen p states is consistent with the longer Fe-Te distance. On the other hand, an
apparent broadening and the shift of the peak C for the FeSe0.5Te0.5 should be due to
the local inhomogeneity of the ternary system, charcaterized by coexisting Fe-chalcogen
bondlengths [11, 12, 13, 14]. Similarly, the peak B is shifted towards lower energy for
the FeTe with respect to the FeSe, merely due to the fact that the Fe-Fe bondlength
for the FeSe (≈ 2.66 A˚) is lower than the one for the FeTe (≈ 2.69 A˚). Following
the above arguments we can state that the higher intensity of the pre-peak should be
due to higher mixing of the chalcogen p orbitals with the Fe 3d states consistent with
the shorter Fe-chalcogen bondlength, and hence the dipole contribution appears to be
changing, with higher number of available unoccupied states for the transition from the
Fe 1s states. It should be mentioned that a sophisticated theoretical model is required
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Figure 3. Se K-edge XANES spectra of FeSe1−xTex (x=0, 0.5) measured at T = 30
K.
for a quantitative estimation of the dipole and quadrupole contribution in the present
system with Fe in a tetrahedral geometry.
3.2. Se K-edge XANES
Figure 3 compares Se K-edge XANES spectra of FeSe and FeSe0.5Te0.5 samples measured
at T = 30 K. There are two main features, (i) a sharp peak A (∼12658 eV), which is
mainly due to a direct 1s→4p dipole transition and, (ii) the broad hump B (about
7 eV above the peak A), should be a multiple scattering of the photoelectron with
the near neighbours. The spectra are typical of Se2− systems [31, 32] with position of
the peak A in all the samples being consistent with earlier studies on similar systems.
The peak A appears to have lower intensity for the Te substituted samples, suggesting
decreased number of unoccupied Se 4p states near the Fermi level with Te substitution.
In addition, the multiple scattering hump B shows some evident changes with the Te
substitution, mainly due to changing local geometry around the Se atoms. Indeed, this
hump appears to be getting broader for the Te substituted samples with an overall shift
towards lower energy. This should be related to local inhomogeneity of the ternary
system, seen by EXAFS measurements [11, 12].
To have further details of the unoccupied Se electronic states, we have measured the
Se K-edge XANES in different polarizations on the FeSe0.25Te0.75 single crystal sample.
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Figure 4. Polarized Se K-edge XANES spectra of FeSe0.25Te0.75 crystal measured at
T = 30 K with polarization of the beam along the two high symmetry crystal axes.
Fig. 4 shows normalized Se K-edge XANES measured with the polarization parallel
and nearly perpendicular to the ab-plane of the single crystal sample. There is large
polarization dependence, with the peak A due to the 1s→4p dipole transition appearing
extremely damped in the spectrum obtained using perpendicular polarization. This
merely brings a conclusion that unoccupied Se 4p states near the Fermi level in these
systems are mainly derived by the px,y symmetry. Incidentally, the hump B also shows a
strong polarization effect. Indeed, the hump has very different spectral shape in the two
geometries, appearing with apparently two broad features in the E‖c geometry unlike a
single broad feature in the E‖ab geometry. The lower energy feature of the hump in the
E‖c geometry shows an overall shift with respect to the hump in the E‖ab geometry.
Since the hump is due to multiple scattering including Se-Fe, Se-Se and Se-Te shells,
different spectral shapes are likely to be due to different contributions of these scattering
paths in the two polarization geometries. The fact that, while Se-Fe paths are equally
seen in the two geometries, the Se-Se/Te paths are different with some of the scattering
paths missing in the E‖c geometry, and hence an apparent two peak spectral shape in
the E‖c geometry unlike a broader hump B for the E‖ab polarization. However, shell
by shell full multiple scattering calculations need to be performed to study the details
of these local geometrical variations, which are beyond the scope of the present papers
focus on the electronic structure.
84. Summary
In summary, we have studied electronic structure of FeSe1−xTex chalcogenides by a
combination of Fe and Se K-edge X-ray absorption near edge structure spectroscopy.
From the Fe K-edge data we find a gradual and substantial decrease of the pre-
peak derived by 1s→3d quadrupole transition and a dipole transition due to admixed
chalcogen p states. The damping seems to be due to lower mixing of chalcogen p states
in the Te containing systems, consistent with the longer Fe-Te distance. Again, the
Se K-edge XANES spectra reveal a damping of unoccupied 4p states, consistent with
the Fe K-edge XANES suggesting lower admixing of the Fe 3d with the chalcogen p
states in the Te containing systems. Furthermore, the polarized Se K-edge XANES
reveals predominant px,y character of the chalcogen p states that should be involved
in the admixing with the unoccupied Fe 3d states near the Fermi level. The results
are consistent with strong chalcogen height sensitivity of the fundamental electronic
structure, that seems to be related with redistribution of the admixed Fe 3d- chalcogen
p states.
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